Background: Ionizing radiation can induce DNA damage in nonirradiated (N-IR) cells via nontargeted effects (NTE). Results: TNF-␣ and IL-1␣ mediate NTE in N-IR bone marrow-derived EPCs, and neutralizing TNF-␣ diminishes NTE in WT and p55 knock-out BM-EPCs. Conclusion: TNF-TNFR2/p75 signaling alters accumulation of inflammatory cytokines that attenuate NTE in N-IR EPCs. Significance: TNFR2/p75 may represent a gene target for mitigation of delayed RBR in BM-EPCs.
Radiation-induced bystander responses (RBR) 2 are defined as the induction of biological effects in cells that were not directly traversed by an ionized particle but were affected because of their proximity to cells that were directly exposed to radiation (1) (2) (3) (4) (5) (6) (7) . RBR effects are well documented in vitro in variety of cell cultures (8 -11) . These responses have been shown by various methodologies, such as media transfer experiments (12, 13) , co-cultures of irradiated (IR) and nonirradiated (N-IR) cells (14, 15) , microbeam studies (16) , and animal models in vivo (11) . It has been proposed that RBR is mediated by an initiating event near the cell surface that activates and integrates numerous intracellular signaling pathways followed by activation of transcription factors and expression of genes that mediate RBR (7) . Based on the previous investigations, it is evident that there appears to be a significant cell specificity in both the ability to induce the RBR (11) and the ability to receive the secreted signals (8) . This suggests that in addition to the ability of IR cells to release cytokines, chemokines, and growth factors, the ligand-receptor interaction on N-IR cells may also play an important role in propagation of the bystander response (3, 8 -10) .
Low linear energy transfer radiation, such as ␥-irradiation (␥-IR), has been reported to induce a bystander effect in glioblastoma cells (3) . A more recent report found no evidence for low linear energy transfer induction of bystander responses in normal human fibroblast and colon carcinoma cells (17) . Therefore, it is apparent that in addition to many factors that may influence bystander responses, including but not limited to production and release of inflammatory cytokines and chemokines, such as TNF-␣, IL-1␣, and others (9) , there is a large intrinsic variability for bystander responses in different primary and tumor cells. Full body low dose radiation such as x-ray and ␥-IR has been found to induce apoptotic and immunological responses in various organ and tissues, including bone marrow (18) . The acute phase is usually characterized by neutrophil infiltration of the affected area, whereas macrophages are responsible for the phagocytic clearance of the apoptotic cells (19, 20) . It was shown that phagocytosis of IR-induced apoptotic cells can activate macrophages, leading to their induction of an inflammatory response in the surrounding tissue (21) . This is mediated by a release of various cytokines, superoxide, and nitric oxide (8) . All of which are capable of causing tissue damage (22) by signaling through pro-apoptosis mediator TNF-␣, Fas ligand, nitric oxide, and superoxide (23, 24) .
TNF-␣ is a pro-inflammatory cytokine whose expression is known to be highly up-regulated in many tissues and cells after IR (23, 25) . TNF-␣ is a 17-kDa polypeptide that specifically binds and exerts its function via two cell surface receptors, TNFR1 (p55) and TNFR2 (p75). Each TNF receptor has been shown to activate distinct signaling pathways with a small degree of overlap (26, 27) . Functions of TNFR1/p55 have been well studied and described (28, 29) . TNFR1/p55 is responsible for signaling a variety of responses predominantly cytotoxic, such as apoptosis and cell death, but also regulates inflammatory responses including cytokine secretion (30 -33) . In contrast, TNFR2/p75 is generally pro-survival and pro-angiogenic and responsible for cell protective effects of TNF but regulates inflammatory signaling as well (30, 31, (33) (34) (35) . Both TNF receptors are ubiquitously expressed on nearly all cell types, but the p75 receptor is predominantly expressed by lymphoid cells as well as other hematopoietic and endothelial lineage cells, including endothelial progenitor cells (EPCs) (27, 36, 37) . TNF induces inflammation via activation of transcription factor NF-B and its downstream targets: COX-2, MMP1, IL-1␣, IL-1␤, IL-6, IL-8, IL-33, insulin growth factor 1 (IGF-1), and TNF itself, along with many other cytokines (9) . Many of these cytokines, chemokines, and inflammatory enzymes (e.g. COX-2) are implicated in mediating RBR in variety of cells (38) . However, the role of TNF receptors, p55 or p75, in regulating RBR in endothelial lineage cells, specifically in EPCs, is largely unknown.
A growing body of evidence indicates that neovascularization involves both the proliferation of local endothelial cells (ECs) as well as mobilization, recruitment and proliferation of the EPCs (39 -43) . EPCs have been shown to be proliferating clonally and capable of migrating and differentiating into ECs (44 -48) . In various animal models (48 -52) and human clinical trials (53) (54) (55) (56) , it has been shown that transplantation of EPCs leads to migration and homing of these cells to the areas of ischemic injury such as acute myocardial infarction. Improved neovascularization and increased blood flow were observed in surgically induced hind limb ischemia model with infusion of ex vivo expanded EPCs (39, 41, 48, 54, 57) . In GFP bone marrowtransplanted wild type mice using the hind limb ischemia model, our laboratory has shown that 60 -70% of GFP-positive cells mobilized from the BM to ischemic limbs were BM-derived endothelial lineage cells (35) . Thus, without being bound to a particular theory, if EPCs are critical to endothelial maintenance and repair, radiation-induced EPC dysfunction could impair the recovery after ischemic injury or trauma.
We hypothesized that inhibition of TNF-ligand-receptor interactions may alter TNF-mediated downstream signaling, thereby affecting regulation of inflammatory cytokines and chemokines. Increased levels of IR-induced cytokines, chemokines, and growth factors may then augment nontargeted effects in nearby cells not traversed directly by ionizing radiation, as well as in cells and tissues distant from the initial irradiation site, hence propagating bystander responses.
EXPERIMENTAL PROCEDURES
Animal Model-Mice were used in this study following a protocol approved by the Steward St. Elizabeth's Medical Center Institutional Animal Care and Use Committee. Mice used in this study were all 8 -12 weeks old. They included WT (C57BL/ 6J-control of the mixed C57BL/6 and 129 background strains defined by the vendor as N10F34, meaning that these two strains were backcrossed 10 times (N10 indicates the number of backcross generations) and inbred 34 times (F34 is number of filial or inbreeding generations), TNFR2/p75 KO (B6.129S2-Tnfrsf1b tm1Mwm /J) and TNFR1/p55KO (B6.129-Tnfrsf1a tm1Mak / J) were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were fed standard laboratory chow diet (Harlan Teklad), given water access ad libitum, and kept in the temperature-controlled and light-controlled (12-h light/dark cycles) environment.
Isolation, Culture, and Characterization of Bone Marrow-derived Endothelial Progenitor Cells-Young WT mice were euthanized, and EPCs were isolated from mononuclear faction of bone marrow cells using density gradient centrifugation and cultured in 6-well dishes (Corning Inc., Corning, NY) on 22-mm ϫ 22 mm square glass coverslips (Fisher HealthCare, Houston, TX) coated with 0.2% gelatin (Sigma). EPCs were expanded ex vivo in selective EBM2 growth medium (Lonza, Walkersville, PA) supplemented with growth factor as described previously (35, 41, 58) . Upon attaining 70 -80% confluence, cells were trypsinized using 0.25% Trypsin (Genesee Scientific, San Diego, CA) and processed for FACS analysis using EPC markers.
Immunofluorescent Characterization of Bone Marrow-derived Endothelial Progenitor Cells-BM-EPCs were expanded ex vivo to ϳ70 -80% confluence on glass coverslips as described in the paragraph above. To characterize our bone marrow-derived cell cultures, glass coverslips on which EPCs were cultured were fixed in 4% paraformaldehyde (FD NeuroTechnologies Inc., Columbia, MD) for 15 min at room temperature and washed with ice-cold 1ϫ PBS (MediaTech, Herndon, VA) for 5 min. Fixed cells were permeabilized with 0.1% Triton X-100 (Sigma) for 15 min at room temperature and washed three times in 1ϫ PBS for 5 min. To determine the stem or progenitor nature and to confirm endothelial cell lineage of cells in our ex vivo expanded BM marrow-derived cultures, cells on coverslips were triple-stained with rat anti-mouse Sca-1 (catalog no. sc-52601; Santa Cruz Biotechnology Inc., Dallas, TX) or rat anti-mouse c-kit (catalog no. 553868; BD Pharmingen, San Jose, CA) and biotinylated isolectin-B4 (catalog no. I21414; Invitrogen) along with TopRo3 (catalog no. T3605; Invitrogen) to visualize nuclei. Alexa 488 goat anti-rat (catalog no. A11006; Invitrogen) secondary antibody was used for both Sca-1 and c-kit, whereas Alexa 594-labeled streptavidin (catalog no. S11227; Invitrogen) was used as secondary antibody for Isolectin-B4. In addition, to determine the purity and a possible hematopoietic "contamination" of our BM-EPCs cultures, we have performed immunofluorescent staining of our BM-derived cultures with a panel of mouse hematopoietic anti-mouse antibodies for: Alexa 488-conjugated rat anti-mouse Gr1/Ly-6G (neutrophils) (catalog no. 108419; BioLegend, San Diego, CA), rat anti-mouse F4/80 (macrophages and blood monocytes) (catalog no. 123101; BioLegend), B220 (B lymphocytes), CD3⑀ (T lymphocytes), TER-119 (erythrocytes and erythroid precursors) (catalog no. 88 -7774-75; eBiosciences, San Diego, CA), and endothelial cell marker Isolectin-B4 (Invitrogen) (staining), as well as uptake while still in culture of the acetylated low density lipoprotein, labeled with 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethyl-indocarbocyanine perchlorate (DiI-ac-LDL; catalog no. BT-902; Biomedical Technologies Inc., Stoughton, MA). Please note that DiI-ac-LDL is reported to label both vascular endothelial cells and bone marrow-derived macrophages. Alexa 488 goat anti-rat (Invitrogen) secondary antibody was used for F4/80, whereas FITC-labeled streptavidin (catalog no. 11-4317-87; eBiosciences) was used as secondary antibody for staining mouse hematopoietic lineage panel, and Alexa 594-labeled streptavidin (Invitrogen) was used as secondary antibody for Isolectin-B4. Corresponding IgG antibodies were also used as negative control to confirm the specificity of the primary antibodies. Images were obtained using laser scanning confocal microscope (LSM 510 Meta; Zeiss, Thornwood, NY) at ϫ20 magnification.
Irradiation and Dosimetry-Prior to full body IR, each animal was placed individually into a rectangular polypropylene box with multiple air holes (3 mm in diameter) for a stress-free environment. Typically eight unanesthetized mice were irradiated simultaneously. All ␥-IR experiments were performed at Steward St Elizabeth's Medical Center using a Cesium ( 137 Cs) source irradiator to yield a total single full body dose of 1 Gy at an average dose rate of 46.6 cGy/min. BM-EPC Culture from Full Body Irradiated WT Mice-Young WT mice were exposed to 1-Gy full body ␥-IR as described above. Both N-IR control and ␥-IR WT mice were euthanized 30 min, 24 h, or 7 days post-IR. EPCs were isolated from mononuclear fraction of bone marrow cells and expanded ex vivo until the cells attained ϳ70% confluence as described previously (35, 41, 58) . Upon attaining confluence, cells were fixed on glass coverslips and processed for p-H2AX immunostaining.
Media Transfer Experiments in WT BM-EPCs-Two sets of ϳ70% confluent EPCs from WT mice were derived from each animal. Within each preparation, one set of EPCs were ␥-IR with 1 Gy. The conditioned media (CM) from irradiated EPCs (IR-CM) were collected at 30 min, 5 h, and 24 h post-IR. The second set of cells was not irradiated and was used as naïve (e.g. nonirradiated) EPCs for media transfer study. The medium was changed in all wells, including control N-IR wells, with fresh 3 ml of EBM2 media on the day of study, and EPCs were incubated in fresh media for 1 h prior to IR. IR-CM was filtered through a sterile 0.22-m membrane syringe filter (Corning Inc.), and 2 ml of IR-CM collected from EPCs 30 min, 5 h, and 24 h post-IR was added to N-IR EPCs. Control media from N-IR cells (N-IR-CM) were also collected and filtered similarly. After 24 h of incubation with IR-CM and N-IR-CM, naïve EPCs at each time point were fixed and stained for the formation and decay of p-H2AX foci.
Media Transfer Experiments in WT, p55KO, and p75KO BM-EPCs-Two sets of subconfluent ex vivo expanded EPCs from WT, p55KO, and p75KO mice were prepared from the same animal for each genotype. At ϳ70% confluence, one set of 6-well dishes of WT, p55KO, and p75KO EPCs were ␥-IR with 1 Gy and CM from irradiated EPCs (IR-CM) of all genotypes were collected before and 1 h, 5 h, 24 h, 3 days, and 5 days post-IR. The second set of N-IR WT, p55KO, and p75KO cells was used as corresponding genotype naïve EPCs for media transfer study. The medium was changed in all wells, including control N-IR wells, with fresh 3 ml of EBM2 media on the day of study, and EPCs were incubated in fresh media for 1 h prior to IR. IR-CM was filtered through a sterile 0.22-m membrane syringe filter (Corning Inc.), and 2 ml of IR-CM collected from WT, p55KO, and p75KO EPCs at 1 h, 5 h, 24 h, 3 days, and 5 days post-IR was added to corresponding genotype naïve N-IR EPCs. Control media from N-IR WT, p55KO, and p75KO EPCs were also collected and filtered similarly. After 24 h of incubation with IR-CM and N-IR-CM collected from WT, p55KO, and p75KO EPCs at 1 h, 5 h, 24 h, 3 days, and 5 days post-IR, naïve EPCs on the coverslips were fixed and processed for p-H2AX immunostaining. In addition, both IR-CM and N-IR-CM from all three genotypes were collected and saved for ELISA profiling. WT, p55KO, and p75KO IR EPC pellets were harvested at each time point and snap-frozen for future processing. All studies involved three biological replicates of WT, p75KO, and p55KO mice for each time point.
Media Transfer Experiments in WT and p55KO BM-EPCs Post-TNF-␣ Neutralization-As described in the previous section, two sets of subconfluent ex vivo expanded EPCs from WT and p55KO mice were prepared from same animal, and one set was ␥-IR with 1 Gy. At various time points before and 1 h, 5 h, 24 h, 3 days, and 5 days post-IR CM from irradiated WT and p55KO EPCs were collected and filtered as described earlier. CM was incubated with TNF-␣ neutralizing antibody (catalog no. 506309; BioLegend) at a final concentration of 10 ng/ml for 1 h at room temperature and then transferred on to corresponding genotype naïve N-IR EPCs at respective time points. Control media from N-IR WT and p55KO EPCs were also treated the same way. After 24 h of incubation of N-IR EPCs with IR-CM and N-IR-CM collected from respective genotypes at 1 h, 5 h, 24 h, 3 days, and 5 days post-IR, naïve EPCs on the coverslips were fixed and processed for p-H2AX immunostaining.
Immunostaining, Imaging, and Analysis-To assess the formation and decay of p-H2AX foci in CM-treated and in untreated WT, p55KO, and p75KO EPCs treated with CM from corresponding genotype ␥-IR EPCs, glass coverslips on which EPCs from each genotype were cultured were fixed in 4% paraformaldehyde (FD NeuroTechnologies Inc.) for 15 min at room temperature and washed with ice-cold 1ϫ PBS (MediaTech) for 5 min. Fixed cells were permeabilized with 0.1% Triton X-100 (Sigma) for 15 min at room temperature and washed three times in 1ϫ PBS for 5 min. Primary anti-p-H2AX rabbit monoclonal antibody (catalog no. 9718S; Cell Signaling Technology, Danvers, MA) and Alexa 488 goat anti-rabbit secondary antibody (catalog no. A11008; Invitrogen) were used to assay p-H2AX foci formation and decay over time. Topro-3 was used to visualize nuclei (catalog no. T3605; Invitrogen). Images were obtained using laser scanning confocal microscope (LSM 510 Meta; Zeiss) at ϫ100 magnification. Cells with apoptotic features or micronuclei were not considered for p-H2AX analysis. Data were obtained from three replicate samples for both IR and N-IR treatment conditions at each time point totaling 300 -400 cells each. Using a computer-assisted image analysis algorithm based on pixel and color distribution, the p-H2AX foci were evaluated by quantifying all cells with Ն1 p-H2AX foci. Graphs were plotted for mean foci/cell and for a percentage of cells with a given number (N) of p-H2AX foci.
ELISA-Aliquots of the IR-CM and N-IR-CM collected from WT and p55KO EPCs at 1 h, 5 h, 24 h, 3 days, and 5 days post-IR were processed for mouse multiplex cytokine ELISA according to the manufacturer's protocols (Signosis, Sunnyvale, CA). The following 14 cytokines, chemokines, and growth factors were analyzed: IL-1␣, IL-1␤, IL-6, monocyte chemoattractant protein 1 (MCP-1), RANTES, microphage inflammatory protein 1␣ (MIP-1␣), granulocyte colony-stimulating factor (G-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF), EGF, IGF-1, VEGF, stem cell factor, basic fibroblast growth factor, and TNF-␣. The plates were read using Tecan Spectra model 96-well microplate reader (MTX Lab Systems, Vienna, VA). The ELISA assay was also performed after TNF-␣ neutralization of ␥-IR conditioned for three cytokines: TNF-␣, IL-1␣, and IL-1␤.
Mouse Recombinant Cytokine and Chemokine Treatments-To determine the role of TNF-␣, IL-1␣, MCP-1, and RANTES in the formation of p-H2AX foci p55KO EPCs were treated with various concentrations of these mouse recombinant (rm) proteins. Recombinant, lyophilized IL-1␣, MCP-1, and RANTES (catalog nos. D-61112, D-64030, and D-6413; PromoKine, Heidelberg, Germany) were reconstituted with sterile, ultrapure water to a stock concentration of 0.1 mg/ml and stored as aliquots according to the manufacturer's recommendations. Recombinant protein for TNF-␣ used for the study was available as a 0.5 mg/ml stock from the vendor (catalog no. 34 -8321-82; eBiosciences). Based on the results of multiplex ELISA of CM from 1 Gy ␥-IR p55KO EPCs, naïve p55KO EPCs were treated with the following concentrations of single recombinant protein: IL-1␣, 290 and 580 pg/ml; MCP-1, 580, 1160, and 2900 pg/ml; and RANTES, 600 and 1500 pg/ml, for 24 h under normal growth conditions. Based on our previously published work, we used three significantly different concentrations for TNF-␣: two angiogenic (0.1 and 1 ng/ml) and one cytotoxic (40 ng/ml) (35) . Formation and decay of p-H2AX foci were quantified as described under "Immunostaining, Imaging, and Analysis."
Statistical Analysis-All results are expressed as means Ϯ S.E. Statistical analysis was performed using one-way analysis of variance (Stat View software; SAS Institute Inc., Gary, NC). Differences were considered significant at p Ͻ 0.05.
RESULTS

Characterization of ex Vivo Expanded BM-EPC Culture-
We have previously characterized and published our BM-EPCs cultures (35) . Briefly, in our previous work, BM-EPCs were stained with ␤-gal (biological EC marker cells were grown from Tie2/LacZ mice) and c-kit (stem/progenitor cell marker), and we demonstrated that 95-100% of cells by days 4 and 6 were double positive for both markers (35) . Two additional markers for endothelial cell lineage, Isolectin-B4 and Flk-1, also showed similar results by day 6 in culture (35) . Despite extensive EPC culture characterization over the years, we have tested but have not published a possibility that at early stages of ex vivo BM-EPC selection, there may be hematopoietic "contamination" of the BM-EPC culture. Accordingly, we performed immunofluorescent staining of our BM-derived cultures with antibodies for c-kit and Sca-1 (stem/progenitor cell markers) combined with the endothelial cell marker Isolectin-B4. Nearly 100% of cells were double positive for c-kit/Isolectin-B4, and ϳ95% were positive for Sca-1/Isolectin-B4, confirming stem/progenitor nature and endothelial lineage of cells in our BM-derived cultures ( Fig. 1A) .
To determine whether our BM-EPCs cultures may contain other lineage specific hematopoietic cells, we have performed immunofluorescent staining of our BM-derived cultures with antibodies for Gr1/Ly-6G (neutrophils), F4/80 (macrophages and blood monocytes), CD45R/B220 (B lymphocytes), CD3⑀ (T lymphocytes), TER-119 (erythrocytes and erytroid precursors), and endothelial cell marker Isolectin-B4 (staining), as well as uptake while still in culture of the acetylated low density lipoprotein labeled with DiI-ac-LDL. Please note that DiI-ac-LDL is reported to label both vascular endothelial cells and bone marrow-derived macrophages (59 -61) . On day 5 no staining was detected for B220, Cd3⑀, and TER-119, suggesting that our culture was free of B and T lymphocyte and erythroid precursor "contamination." On day 5, there was a negligible 1.17 Ϯ 0.7% positivity for Gr1 (neutrophils) staining ( Fig. 1B, upper left  panel) . Further, ϳ19% of cells were positive for F4/80 staining ( Fig. 1B, upper right panel) , a macrophage-specific marker, suggesting that by day 5 approximately one-fifth of the cells in our culture could be macrophages/monocytes. However, several lines of evidence from different groups have suggested that various macrophage markers, such as F4/80, Mac-3, CD68, or CD11b, may be expressed in bone marrow-derived cultures during selection and especially during maturation/differentiation (62, 63). More importantly, Modarai et al. (62), using a "chimera" animal model where the BM of WT mice were trans-TNFR2/p75 Regulate IR-induced Nontargeted Effects MAY 16, 2014 • VOLUME 289 • NUMBER 20
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planted with GFP/Tie2 BM cells (Tie2 is a tyrosine kinase receptor that is expressed on endothelial cells), have shown that many of BM-derived Tie2/GFP-expressing cells that were recruited into the thrombus during its resolution also expressed Mac-3, CD68, and/or F4/80, suggesting that these Tie2-positive cells have retained macrophage phenotype. These authors suggested that these cells with macrophage phenotype could be a population of plastic stem cells, but this was not validated experimentally.
Phase contrast images (ϫ20) of ex vivo expanded BM-EPCs on days 3 and 5 showed that already by day 3 after initial plating, EPC clusters formed well defined colonies (Fig. 1C ). By both 3 and 5 days, there was no significant morphological differences observed in EPC culture, and by day 5 cells attained ϳ70% confluence (Fig. 1C ). To further confirm endothelial lineage of cells in our culture, we performed an additional functional characterization using tube-like structure formation assay. EPCs collected on day 5 and reseeded to 4-well chambers coated with phenol-free and VEGF-reduced Matrigel formed tube-like structures starting at 16 h after reseeding ( Fig. 1D ), confirming an important EC functional characteristic of BM-EPCs. Phase contrast images (ϫ20) of EPCs in culture at 3 and 5 days after initial plating were taken using Nikon Eclipse TE 200 microscope (Nikon Instruments Inc., Melville, NY).
Within 24 h the Decay of p-H2AX Foci in BM-EPCs Is Slow, and the Number of p-H2AX Foci Is Doubled by 7 Days-DNA damage-induced p-H2AX foci occur specifically at sites of double-strand breaks, and the time-dependent decline in p-H2AX foci correlates well with double-strand break repair (64) . We sought to determine the effect of low dose full body ␥-IR on the formation and decay of p-H2AX foci in BM-EPCs from WT mice. BM-EPCs were isolated 30 min, 24 h, and 7 days after full body ␥-IR and selected in the culture ex vivo for 60 h. In control, N-IR EPCs there was a negligible number of p-H2AX (ϩ) EPCs over a 7-day period ( Fig. 2A) . Compared with N-IR EPCs, analysis of ␥-IR samples revealed a significant Ͼ20-fold increase in the p-H2AX foci at 30 min (0.27 Ϯ 0.15 versus 5.8 Ϯ 1.2 foci/ cell, p Ͻ 0.0003) that was followed by an ϳ43% reduction that 
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was statistically not significant (5.8 Ϯ 1.2 versus 3.3 Ϯ 1.1 foci/ cell, p ϭ NS) at 24 h post-IR ( Fig. 2A) . However, compared with the 24-h time point, the number of p-H2AX foci/cell at 7 days was increased more than 200% (3.3 Ϯ 1.1 versus 6.8 Ϯ 1.4, p Ͻ 0.006), to the level of the pH2AX foci at 30 min ( Fig. 2A) .
Analysis of p-H2AX foci quantity distribution at each time point showed that ϳ5% of BM-EPCs showed an increase in the percentage of cells with Ն18 -22 p-H2AX foci/cell on day 7 (Fig. 2B, dotted line) . These data indicate that decay of p-H2AX foci in WT BM-EPCs ex vivo is slow within the first 24 h, which may be indicative of delayed or inefficient radiation-induced DNA damage repair. In addition, significant increase in mean foci/cell on day 7 post-IR along with an increase in the percent-age of p-H2AX foci/cell may be indicative of significant radiobiological bystander responses in BM-EPCs (3, 4, 6, 7, 65) .
BM-EPCs Exhibit Significant Bystander Responses in Vitro-
To determine whether BM-EPCs show evidence of a bystander response in media transfer experiments in vitro, N-IR WT EPC cells were treated with CM collected from ␥-IR WT EPCs. Formation of p-H2AX foci over 24 h post-treatment was used to evaluate the bystander effect. In control N-IR media-treated EPCs, there was negligible number of detectable p-H2AX (Fig.  2, C and D) . There was no significant change in the mean foci/ cell when comparing 30-min and 5-h IR-CM-treated cells (1 Ϯ 0.2 versus 1.4 Ϯ 0.3, p ϭ NS) (Fig. 2, C and D) . BM-EPCs treated with 24 h IR-CM had significant 320% (p Ͻ 0.0001) and 228% 
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(p Ͻ 0.001) increases in the mean number of foci/cell when compared with N-IR EPCs treated with 30-min and 5-h IR-CM, respectively (Fig. 2, C and D) . Quantification of p-H2AX foci distribution with a given number (N) of foci/cell showed an increase in the percentage of cells with more than 6 -15 p-H2AX foci/cell 24 h after addition IR-CM (Fig. 2, E and F) , suggesting that BM-EPCs exhibit significant bystander responses in vitro.
TNF Ligand-Receptor Interactions Modify Formation of p-H2AX Foci in BM-EPCs in Vitro-It has been reported that early IR-induced vascular damage can be diminished by anti-TNF antibody (66) , and elevated tissue TNF levels after IR are associated with significant increase in p-H2AX foci and genomic instability (67) . Moreover, TNFR2/p75 signaling was suggested to have protective effects against IR-induced demyelination in the brain (68) . Therefore, we sought to examine whether TNF ligand-receptor interactions mediate RBR in BM-EPCs. To determine the involvement of TNFRs, media transfer experiments were carried out with in N-IR BM-EPCs isolated from WT, TNFR1/p55, and TNFR2/p75KO animals. Both p55KO and p75KO EPCs treated with 1 h IR-CM showed a significant increase in the mean pH2AX foci/cell with respect to the WT cells (p Ͻ 0.002 and p Ͻ 0.0001, respectively) ( Fig. 3) . For clarity of data presentation, only cells with Ն1 p-H2AX positive foci were considered for the graphs presented in Fig. 3 .
There was no significant difference in the formation of p-HA2X foci in N-IR WT, p55KO, and p75KO EPC treated with 5-h IR-CM ( Fig. 3) . Compared with WT, in the absence TNF receptors (p55 or p75), there was at least 2-fold decrease (p Ͻ 0.0001) in the formation of p-H2AX foci/cell in N-IR p55KO and p75KO EPCs treated for 24 h with 1-day IR-CM from the respective genotype EPCs (Fig. 3 ). This was not the case for the WT cells that exhibited the peak increase (9.0 Ϯ 0.8 p-H2AX foci/cell) post-treatment with 1-day IR-CM media. There was no difference in the formation of p-HA2X foci between N-IR p55KO and p75KO EPC treated with 1-day IR-CM (Fig. 3) . These findings indicate that in ␥-IR EPCs, the presence of both TNF receptors (p55 and p75) is necessary for 1-day CM to increase the formation of p-H2AX foci in corresponding genotype N-IR EPCs, suggesting that by blocking either p55 or p75 TNF receptors, one could inhibit formation of p-H2AX foci in N-IR BM-EPCs within a day after radiation exposure.
Although there was no significant difference in the formation of p-H2AX foci in N-IR WT, p55KO, and p75KO EPC treated with 3-day IR-CM ( Fig. 3) , over 5-day period IR-CM-treated WT N-IR EPCs showed a significant decrease (p Ͻ 0.0001) in the mean p-H2AX foci/cell (Fig. 3) . In contrast, there was a significant, steady increase over time in the formation of p-H2AX foci in N-IR p55KO treated with 1-, 3-, and 5-day IR-CM from corresponding genotype EPCs and, to a lesser degree, in p75KO EPCs (Fig. 3) . Both WT and p75KO EPCs treated with 5-day IR-CM exhibited a decreasing trend in mean p-H2AX foci/cell from 3 to 5 days with a small but significant 
. TNF ligand-receptor interactions modify formation of p-H2AX foci in BM-EPCs in vitro.
The analysis of p-H2AX formation and decay was performed for every time point where we included all cells with Ն1 p-H2AX foci and mean foci/cell was plotted. Graphic representation of mean p-H2AX foci/cell 24 h after treatment of naïve WT, p55KO, and p75KO EPCs with IR-CM medium collected from respective WT, p55KO, and p75KO EPCs at 1 h, 5 h, 24 h, 3 days, and 5 days after 1-Gy ␥-IR. pH2AX foci/cell treated with 1 h IR-CM in WT versus p75KO and p55KO: 4.3 Ϯ 0.4 versus 6.9 Ϯ 1 and 8.5 Ϯ 0.9, p Ͻ 0.002 and p Ͻ 0.0001, respectively; pH2AX foci/cell treated with 5 h IR-CM in WT versus p75KO and p55KO: 6.9 Ϯ 0.9 versus 7.7 Ϯ 0.6 and 8.5 Ϯ 0.9, p ϭ NS, both comparisons; pH2AX foci/cell treated with 24 h IR-CM in WT versus p75KO and p55KO: 9 Ϯ 0.8 versus 3.7 Ϯ 0.5 and 4.8 Ϯ 0.6, p Ͻ 0.0001, both comparisons; pH2AX foci/cell treated with 3-day IR-CM in WT versus p75KO and p55KO: 7.6 Ϯ 0.8 versus 7.3 Ϯ 1.5 and 7.8 Ϯ 0.7, p ϭ NS, both comparisons; pH2AX foci/cell treated with 5-day IR-CM in WT versus p75KO and p55KO: 3.8 Ϯ 0.4 versus 5.9 Ϯ 0.8 and 8.5 Ϯ 1, p Ͻ 0.04 and p Ͻ 0.0001, as well as p Ͻ 0.03 when comparing p75KO versus p55KO. There was a steady increase over time in the formation of p-H2AX foci in N-IR p55KO treated with 1-, 3-, and 5-day IR-CM collected from corresponding genotype EPCs: 4.8 Ϯ 0.6 versus 7.8 Ϯ 0.7 versus 8.5 Ϯ 1; p Ͻ 0.002 for day 1 versus day 3, p Ͻ 0.0001 for day 1 versus day 5, p ϭ NS for day 3 versus day 5. There was a similar increase, however, followed by a decrease in p75KO EPCs: 3.7 Ϯ 0.5 versus 7.3 Ϯ 1.5 versus 5.9 Ϯ 0.8: p Ͻ 0.003 for day 1 versus day 3, p Ͻ 0.04 for day 1 versus day 5, p ϭ NS for day 3 versus day 5. The graphs represent data pooled from three independent biological samples treated under similar conditions.
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(p Ͻ 0.04) difference between them at 5 days (Fig. 3 ). There was a much larger Ͼ2-fold increase in the mean p-H2AX foci/cell for N-IR p55KO EPCs treated with 5-day IR-CM compared with both p75KO and WT EPCs (p Ͻ 0.02 and p Ͻ 0.0001, respectively) with p55KO EPCs having the highest and WT having the lowest mean p-H2AX foci/cell (Fig. 3) . Foci distribution of the percentage of EPCs with N foci count (data not shown) showed an increase of 0.5-2.2% of p55KO EPCs with 14 -27 foci at 5 h and 5 days compared with respective control, whereas peaks for WT and p75KO EPCs at 1 and 3 days demonstrated a decreasing trend normalizing to respective controls by day 5. These findings indicate that TNF signaling via TNFR1/p55 and TNFR2/p75 is necessary for development of early RBR in N-IR naïve EPCs. More importantly, our results demonstrate a significant increase of delayed bystander response seen in naïve p55KO EPCs at the 5-day time point when compared with WT and p75KO EPCs, suggesting that signaling through the remaining TNFR2/p75 in p55KO cells plays an important role in mediating radiobiological bystander responses in BM-EPCs. Because of a significant and continued (from days 1 to 5) increase in delayed bystander response in p55KO BM-EPCs, we decide to focus our next set of studies on p55KO BM-EPCs.
Neutralization of TNF-␣ in ␥-IR-CM Resulted in Significant Decrease in the Formation p-H2AX Foci in TNFR1/p55KO
EPCs-Because of the role of elevated TNF levels post-IR in tissue resulting in increased p-H2AX foci formation (67), we determined the effects of TNF-␣ neutralization in IR-CM on p-H2AX foci formation in vitro for both p55KO and WT EPCs over 5 days. Media transfer experiments were performed in N-IR BM-EPCs from both WT and TNFR1/p55KO mice, wherein the IR-CM at respective time points were filtered and then incubated in TNF-␣ neutralizing antibody before transferring on to respective naïve N-IR BM-EPCs.
Nonirradiated p55KO EPCs treated with 1-h TNF-␣ neutralized IR-CM showed a significant increase in the mean pH2AX foci/cell with respect to N-IR WT EPCs (p Ͻ 0.05) ( Fig. 4 , red dotted line versus solid blue line). There was no significant difference in the formation of p-HA2X foci between N-IR WT and p55KO EPCs treated with respective 5 h, 24 h, 3 days, and 5 days of TNF-␣ neutralized IR-CM ( Fig. 4) . Even though N-IR WT EPCs treated with TNF-␣ neutralized IR-CM still showed a gradual increase in p-H2AX foci formation over time with the peak increase at 24 h, it was not significant compared with the number of p-H2AX foci in p55KO EPCs at this time point (Fig.  4) . Foci distribution of naïve p55KO EPCs with N number of foci with and without TNF-␣ neutralization of 1 Gy ␥-IR conditioned media at various time points: before (control) and 1 h, 5 h, 24 h, 3 days, and 5 days after, is presented (Fig. 5, A-F) . Taken together with the data of mean p-H2AX foci/cell, the distribution of the N number of foci/cell confirms a significant decrease in foci formation after TNF-␣ neutralization at 1 h, 5 h, and 5 days.
The continuous increase of p-H2AX foci formation over time in N-IR p55KO treated with 1-, 3-, and 5-day IR-CM from corresponding genotype EPCs (Fig. 4, gray dotted line) was significantly inhibited in p55KO EPCs treated with IR-CM after incubation with TNF-␣ neutralizing antibody before the media transfer (Fig. 4) . These significant decreases in the formation of p-H2AX foci in N-IR p55KO EPCs treated with TNF-␣ neutralized IR-CM at all time points examined substantiate the significant role of TNF-TNFR2/p75 signaling axis in delayed radio- 
. Neutralization of TNF-␣ in IR-CM resulted in significantly decreased p-H2AX foci formation in TNFR1/p55KO and WT EPCs in vitro.
Please note that for clarity of the comparison between the formation p-H2AX foci in EPCs treated with IR-CM media with or without TNF neutralization data points for WT and p55KO, EPCs from Fig. 3 are overplayed in Fig. 4 again. Shown is a graphic representation of mean p-H2AX foci/cell post 24-h treatment of naïve WT and p55KO with IR-CM medium collected and treated with TNF-␣ neutralizing antibody from respective WT and p55KO EPCs at 1 h, 5 h, 24 h, 3 days, and 5 days post-1-Gy ␥-IR. pH2AX foci/cell treated with 1 h IR-CM in WT versus p55KO: 2.4 Ϯ 0.2 versus 3.7 Ϯ 0.6, p Ͻ 0.05; pH2AX foci/cell treated with 5 h IR-CM in WT versus p55KO: 4.3 Ϯ 0.5 versus 3.6 Ϯ 0.5, p ϭ NS; pH2AX foci/cell treated with 24 h IR-CM in WT versus p55KO: 5.0 Ϯ 0.5 versus 4.2 Ϯ 0.6, p ϭ NS; pH2AX foci/cell treated with 3-day IR-CM in WT versus p55KO: 3.2 Ϯ 0.4 versus 4.9 Ϯ 0.8, p Ͻ 0.03; pH2AX foci/cell treated with 5-day IR-CM in WT versus p55KO: 3.5 Ϯ 0.3 versus 3.5 Ϯ 0.3, p ϭ NS. Treatment of IR-CM with TNF neutralizing antibody decreased the formation of p-H2AX foci at all time points examined in both WT and p55KO EPCs. However, the most significant decreases for WT EPCs were observed at 5 h, 24 h, and 3 days, and those for p55KO EPCs were at 1 h, 5 h, 3 days, and 5 days. Graphs represent data pooled from three independent biological samples treated under similar conditions. MAY 16, 2014 • VOLUME 289 • NUMBER 20 biological responses in p55KO EPCs. Moreover, the incubation of ␥-IR-CM from WT and p55KO EPCs with TNF-␣ neutralizing antibody showed that the formation of p-H2AX foci was significantly inhibited not only in p55KO but also in WT BM-EPCs up to 3 days, indicating that inhibition of TNF-␣ may represent a therapeutic modality for the prevention of early and intermediate radiobiological bystander responses in WT tissue.
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Increased Radiation Induced Accumulation of Cytokines and Growth Factors in TNFR1/p55KO EPCs in Vitro-Radiationmediated effects converge with increased levels of various cytokines and chemokines in that both generate reactive oxygen and nitrogen species that may lead to inflammation (69) . In the cell growth media of p55KO EPCs, we sought to determine the effect of ␥-IR on secretion and accumulation of cytokines, chemokines, and growth factors, such as TNF-␣, IL-1␣, IL-1␤, IL-6, MCP-1, MIP-1␣, G-CSF, GM-CSF, EGF, VEGF, etc., all of which are known to be elevated within minutes to hours after ionizing radiation and other exogenous signals without the need of de novo protein synthesis (8) .
Conditioned media from ␥-IR WT and p55KO EPCs were collected before (control) and 1 h, 5 h, 24 h, 3 days, and 5 days post-IR and processed for multiplex (14-gene) ELISA. There was no significant difference in TNF-␣ level in IR-CM from p55KO and WT EPCs at 1 h and up to 3 days. However, compared with WT EPCs, there was a significant 175% increase (p Ͻ 0.04) in TNF-␣ level in p55KO EPCs on day 5 (Fig. 6A) . Compared with the media from IR WT EPCs, conditioned media from IR p55KO EPCs showed significant (200 -1600%) increases in the secretion of IL-1␣, IL-1␤, RANTES, MIP-1␣, MCP-1, G-CSF, GM-CSF, and stem cell factor as compared with IR-CM WT media (*, p Ͻ 0.05; **, p Ͻ 0.001; and ***, p Ͻ 0.0009) ( Fig. 6, B, C, E-G, and L-N) . There was no significant difference in the concentrations of IGF1, VEGF, and basic fibroblast growth factor between ␥-IR-CM-treated WT and 
p55KO (Fig. 6, I-K) , except a small but statistically significant (p Ͻ 0.05) increase in VEGF concentration at day 3 in p55KO versus WT IR-CM. In addition to comparing increases in the concentration of cytokines and growth factors between IR-CM of WT and p55KO EPCs at each time point, we also analyzed the kinetics of changes for each protein over time when compared with corresponding genotype N-IR control levels (Table  1 , A and B) .
This analysis revealed that in WT IR-CM, statistically significant increases that were observed over 5 days were primarily in growth factors (e.g. IGF-1, VEGF, basic fibroblast growth factor, GM-CSF and G-CSF) (Table 1A ). In contrast, in p55KO IR-CM, statistically significant increases (when comparing control levels with any one time point post-IR) were predominantly in cytokine levels such as TNF-␣, IL-1␣, IL-1␤, RANTES, MIP-1␣, and MCP-1 (Table 1B) . Taken together, our findings in multiplex ELISA studies suggest that the signaling through TNFR2/ p75 in irradiated TNFR1/p55KO EPCs may lead to significant increases in the accumulation of the several cytokines and chemokines such as IL-1␣, IL-1␤, RANTES, and MIP-1␣ (with the exception of MCP-1 at 3 and 5 days and IL-1␣ at 5 h, which were also increased in WT irradiated EPCs). Please note that cytokine levels for TNF-␣, IL-1␣, and IL-1␤ after neutralization of TNF-␣ in IR-CM were not detectable in our ELISA assay.
Treatment with Mouse Recombinant TNF-␣ and IL-1␣, but Not MCP-1 or RANTES Increases the Formation of p-H2AX
Foci in N-IR TNFR1/p55KO EPCs in Vitro-Based on our findings that p55KO EPCs exhibited continuous increases in the levels of TNF-␣, IL-1␣, RANTES, and MCP-1 between days 1 and 5 (Fig. 6, A, B , E, and G, and Table 1 ) and the continuous increase in the mean p-H2AX foci/cell in N-IR p55KO EPCs treated with 1-5-day p55KO EPC IR-CM (Figs. 3, dotted line,  and 4 , gray dotted line), we sought to determine whether treatment of N-IR p55KO EPCs with mouse recombinant IL-1␣, MCP-1, RANTES, and TNF-␣ could lead to the formation of p-H2AX foci. N-IR p55KO EPCs were treated with mouse recombinant TNF-␣ (100, 1,000, and 40,000 pg/ml), IL-1␣ (290 and 580 pg/ml), MCP-1 (580, 1,160, and 2,900 pg/ml), or RANTES (600 and 1,500 pg/ml). For clarity of data presentation, only cells with Ն1 p-H2AX positive foci were considered FIGURE 6. Radiation induced increase in the accumulation of cytokines, chemokines, and growth factors in WT and p55KO EPCs in vitro. A, TNF-␣ levels (pg/ml) measured in IR-CM growth media from WT and p55KO EPCs after 1 Gy ␥-IR at 1 h, 5 h, 24 h, 3 days, and 5 days. B-G, cytokine and chemokine concentrations (pg/ml) measured in IR-CM from WT and p55KO EPCs after 1-Gy ␥-IR at 1 h, 5 h, 24 h, 3 days, and 5 days. H-N, growth factor concentrations (pg/ml) measured in IR-CM from WT and p55KO EPCs after 1-Gy ␥-IR at 1 h, 5 h, 24 h, 3 days, and 5 days. Graphs represent data pooled from three independent biological samples treated under similar conditions. Statistical significance between WT and p55KO EPCs at each time point is denoted as follows: *, p Ͻ 0.05 to p Ͻ 0.01; **, p Ͻ 0.009 to p Ͻ 0.001; and ***, p Ͻ 0.0009. MAY 16, 2014 • VOLUME 289 • NUMBER 20
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for the graphs presented in Fig. 7A . The data with inclusion of cells with zero p-H2AX foci were also quantified and plotted, which showed a similar trend in mean p-H2AX foci formation between treatment conditions (not shown).
After 24-h treatment, N-IR p55KO EPCs were stained with anti-p-H2AX antibodies. Quantification showed that the mean p-H2AX foci count of MCP-1 and RANTES were not significantly different from control, which had a mean of 2.2 Ϯ 0.2 p-H2AX foci/cell, with the exception of MCP-1 at 1160 pg/ml (p Ͻ 0.03, mean foci count of 3.7 Ϯ 0.5) ( Fig. 7A ). TNF-treated N-IR p55KO EPCs showed significant increases (p Ͻ 0.0001) in mean p-H2AX foci/cell at all concentrations (with mean p-H2AX foci in TNF-treated ranging from 4 Ϯ 0.3 to 6 Ϯ 0.6) compared with the control, MCP-1, and RANTES (Fig. 7A) . IL-1␣-treated p55KO EPCs showed the greatest increase in p-H2AX foci/cell with mean foci counts of 10.1 Ϯ 0.9 at 290 pg/ml and 11.1 Ϯ 0.7 at 580 pg/ml and were significantly (p Ͻ 0.0001) different from all tested mouse recombinant proteins (Fig. 7A) . Analysis of p-H2AX foci distribution of EPCs with more than 3 foci showed that in control p55KO EPCs, less than 1-1.3% of cells had a maximum of 408 p-H2AX foci/cell, and less than 0.5% of cells had 13 and 15 p-H2AX foci/cell (Fig. 7, B  and C) . Whereas in TNF-␣and IL-1␣-treated p55KO EPCs Ͼ2% and Ͼ4% of cells had 9 -18 foci/cell, respectively (Fig. 7, B and C). Remarkably, 0.5-1% of cells had as many as 19 -31 foci/cell for TNF-treated cells (Fig. 7B ), and as many as 0.5-3% of cells had 19 -51 foci/cell for IL-1␣-treated p55KO EPCs (Fig.  7C) . These findings suggest that TNF-␣ and IL-1␣ but not MCP-1 and RANTES significantly increase the formation of p-H2AX foci in naïve BM-derived TNFR1/p55KO EPCs.
DISCUSSION
Hematopoietic EPCs originate from the bone marrow and are part of the subpopulation of hematopoietic stem cells, which have been shown to be sensitive to radiobiological bystander response (20, 24, 70) . EPCs are recruited to areas of neovascularization in the process of vasculogenesis to repair tissues with ischemia and cardiovascular diseases (44, 48, 57) . EPCs are critical also to endothelial maintenance, and thus it is possible that radiation-induced EPC dysfunction could contribute to the pathogenesis of coronary and peripheral vascular diseases. Studies have demonstrated that in patients with CV risk factors, the number and migratory ability of EPCs isolated from peripheral blood is reduced (71) , and EPC function is impaired (72) . In 2006, Fadini et al. (73) demonstrated that early subclinical atherosclerosis in healthy subjects arises because of depletion of CD34 ϩ /KDR ϩ EPCs. In addition, a strong inverse correlation was reported between the number of circulating 
Statistical analysis of accumulation of cytokines, chemokines, and growth factors in WT and p55KO ␥-IR EPC media in control versus all other time points
A, statistical analysis of protein concentrations using ELISA for different cytokines and chemokine and growth factors of ␥-IR-CM from WT EPCs compared with respective control N-IR medium. Categorized into cytokines, chemokines, and growth factors showed that in WT EPC medium most statistical significance at any time point compared with control was mostly growth factors with the exception of just two cytokines, IL-1␣ and MCP-1. B, statistical analysis of protein concentrations using ELISA for different cytokines, chemokine, and growth factors of ␥-IR-CM from p55KO EPCs compared to respective control N-IR medium. Compared with WT, IR-CM from p55KO EPCs demonstrated significantly higher levels of predominantly cytokine at any time point compared with control with the exception of just one growth factor, G-CSF. Red font indicates cytokines and chemokines that were significantly different in IR-CM from WT versus p55KO EPCs, and blue font indicates growth factors that were significantly different in IR-CM from WT versus p55KO EPCs.
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EPCs, vascular function, and the subject's combined Framingham cardiovascular factor score (74) . Furthermore, measurements of flow-mediated brachial artery reactivity also revealed a significant relation between endothelial function and the number of EPCs, supporting a role for BM-EPCs in the maintenance of endothelial integrity (75) .
Dose response curves for ␥-radiation have been found through medium transfer experiments using ranges of 0.01-5.0 Gy on a human epithelial cell line. The degree of bystander effect seemed to saturate at ranges 0.03-0.05 Gy as measured by clonogenic death (76, 77) . In experiments using ␥-radiation, a low linear energy transfer radiation, it has been found that not all cell types have the same bystander response to radiation. In experiments with keratinocytes (epithelial cells), fibroblasts, and radio-sensitive carcinoma cells, fibroblasts did not show induction of bystander effect through irradiated conditioned media transfer (17, 76, 77) . In particular, the role of the bystander responses in bone marrow-derived EPC remains largely unknown.
Radiation-induced chromosomal instability was demonstrated in the bone marrow for up to 24 months after full body irradiation with either x-rays or neutrons, indicating that chromosomal instability can be initiated and maintained in vivo (78, 79) . In addition, it was shown for myeloid and lymphoid bone marrow stem and progenitor cells that after space flight, the numbers of these cells are reduced to just one-half of their normal levels (80) , suggesting that EPCs may be similarly reduced in the normal EPC population after space flights. Unfortunately, neither data on EPC survival or mobilization, nor DNA damage responses of EPCs during and after space flights nor after lower doses of terrestrial radiation are currently available. The graphs represent data pooled from three identically treated independent biological samples. B, foci distribution of naïve p55KO EPCs with the number of foci (N) after treatment with various concentrations of rmTNF-␣ protein in vitro for 24 h. Almost 0.5-2.55% and 0.5-1% of cells treated with 100 pg/ml (red bars and dashed line), 1,000 pg/ml (green bars and dashed line), and 40,000 pg/ml (blue bars and dashed line) of TNF-␣ had 9 -18 and 19 -31 foci/cell, respectively, when compared with control p55KO EPCs (black bars and dashed line), which had no more than 0.5% cells with a maximum of 13 and 15 p-H2AX foci/cell. Treatment with 40,000 pg/ml of TNF-␣ resulted in a maximum of 31 foci/cell in 0.5% of EPCs. C, foci distribution of naïve p55KO EPCs with number of foci (N) upon treatment with 290 pg/ml (green bars) and 580 pg/ml (red bars) concentrations of rmIL-1␣ protein in vitro for 24 h. Mouse recombinant IL-1␣ treatment resulted in Ͼ4% of cells with 9 -18 foci/cell, whereas control p55KO EPCs (black bars) had no more than 0.5% cells with a maximum of 13 and 15 p-H2AX foci/cell. At the same time, 0.5-3% of p55KO EPCs had a maximum of 19 -37 foci/cell in 580 pg/ml and 19 -51 foci/cell in 290 pg/ml treatment conditions. Current understanding of low dose space and terrestrial radiation and its biological effects is that direct damage of DNA in the nucleus causes cell death and mutations (3) . However, there have been numerous studies, especially in the past two decades, suggesting that radiation can cause damage in nonirradiated cells through radiobiological effects currently not fully understood (81, 82) . The term "bystander effect" was used to describe the ability of a cell affected by radiation to cause damage in other cells not directly traversed by the initial radiation (83) . This radiobiological bystander effect was observed in radiation dosage as low as 0.31 mGy in an experiment by Nagasawa and Little (84) , where CHO cells were irradiated with ␣-particles in G 1 phase and measured for the induction of sister chromatid exchanges. Results showed that 30% of cells had increased sister chromatid exchanges, even though only 1% of cell nuclei were traversed by ␣-particles.
It is well studied in the literature that ionizing radiation at high doses can suppress the immune system; however, the response at low doses is less well known. Present risk assessment of high and low dose radiation is extrapolated from epidemiological studies of atomic bomb survivors in Hiroshima and Nagasaki; however, there is some uncertainty in the assessment of risks at lower doses (11, 85) . Full body low dose radiation is known to induce apoptotic and immunological responses in the organ tissues, including the bone marrow (18, 86, 87) . Full body low dose radiation in mice has been found to enhance the function of macrophages (and CD8ϩ T cells) in several studies (18 -20) . Current evidence suggests that the immune response is enhanced at lower doses and influences the production and the release of inflammatory cytokines and chemokines such as TNF-␣, IL-1␣, and others (18) . The main goal of this study is to elucidate the mechanisms of the signal transmission for IR-induced radiobiological bystander responses in bone marrow-derived EPCs and determine the role of TNF ligand-receptor interaction in mediating RBR in these cells.
TNF-␣ is thought to be an important factor in the immune response of nonirradiated cells. ELISA of lung fibroblasts irradiated with low doses of ␣-particles showed a dosage-dependent increase in IL-8 mRNA levels from 30 min to 24 h post-irradiation (88) . IL-8 expression is under the control of ciselements of nuclear factor NF-B, which is associated with the major pro-inflammatory pathway for TNF-␣ (89). TNF-␣ was also directly implicated as one of the damaging signals in in vivo bystander experiments, as well as Fas ligand, nitric oxide, and super oxide (24, 90) . Hematopoietic cells from bone marrow were treated with radiation and measured for cells in sub-G 0 region as a screening method for dead/damaged cells. The experiment showed an increasing trend in the number of sub-G 0 cells at the 1-, 2-, and 3-h time points post-irradiation. When TNF-␣ neutralizing antibody was added to the irradiated bone marrow medium, the number of sub-G 0 cells was significantly decreased in all three time points (24, 90) . Reduction was also noted for Fas ligand neutralizing antibody, which might be another signal of interest.
Our findings here complement a recent gene expression study in directly irradiated and bystander cells that revealed NF-B as the dominant transcription factor in mediating bystander responses (91, 92) . TNF is one of the key cytokines that activates the NF-B (93) . In turn, NF-B activation may lead to increased expression of NF-B-dependent genes (94) in irradiated and N-IR bystander cells. These include NF-B-dependent cytokines IL-6 and IL-8 (16) , and cytokines that induce the NF-B signaling pathway via paracrine or autocrine mechanisms: IL-1␤, TNF-␣, and IL-33 (11, 17) .
Our findings, taken together with previously published work, strongly suggest that by blocking TNFR2/p75 signaling one can reduce production of growth factors and cytokines after ionizing radiation via reduced activation of NF-B and other stress response transcription factors. Moreover, our findings indicate that unopposed signaling via TNFR2/p75 in TNFR1/p55KO EPCs plays a significant role in inhibiting early and increasing delayed (5 days) formation of p-H2AX foci, which correlate well with the induction of double-strand breaks (95, 96) .
In summary, in BM-EPCs in vivo and ex vivo we report (a) slow decay of p-H2AX foci after full body 1 Gy ␥-IR over 24 h and increase over 7 days and (b) significant bystander responses in BM-EPCs in media transfer experiments. In BM-derived WT, TNFR2/p75KO, and TNFR1/p55KO EPCs ex vivo, we report that (a) compared with WT, in the absence of either of TNF receptors (p55 or p75), there is a significant decrease in the formation of p-H2AX foci at 5 and 24 h after adding IR-conditioned medium to naïve BM-EPCs, indicating that TNF and signaling via either of TNF receptors is necessary for development of radiobiological bystander responses in N-IR radiated BM-EPC; (b) compared with WT, in the absence of the either of TNF receptors (p55 or p75), there is a significant increase in the formation of p-H2AX foci on days 1, 3, and 5 after adding IRconditioned medium to naïve BM-EPCs, indicating that TNF and signaling via either of TNF receptors increases delayed bystander responses in nonirradiated BM-EPCs; and (c) continuous increase in the number (N) p-H2AX foci/cell between 1 and 5 days in naïve TNFR1/p55KO BM-EPCs may indicate that unopposed (by p55) signaling via TNFR2/p75 in TNFR1/ p55KO EPCs plays a significant role in delayed bystander responses. The specificity of the role of TNF in mediating bystander responses in BM-EPCs was confirmed in two experiments: (a) the formation of p-H2AX foci was decreased more than twice in EPCs treated with ␥-IR conditioned media after neutralizing TNF, and (b) treatment of nonirradiated naïve EPCs with recombinant murine TNF led to significant increase in the formation of p-H2AX.
We conclude that TNF plays a significant role in mediating radiobiological bystander responses in BM-EPCs, and these effects may be regulated (decreased or increased) through modification of TNF signaling via TNFR1/p55 or TNFR2/p75. Possible implications are that blocking TNF or the signaling of TNF through one of its two receptors may be used to prevent radiation-induced delayed bystander effects in naïve "nonhit" BM-EPC. We further suggest that blocking/neutralizing TNFR2/p75 (versus TNFR1/p55) signaling may be a more effective strategy to inhibit the formation of p-H2AX foci in non-IR radiated EPCs and conceivably other cells in bone marrow milieu.
